Airborne suspended particulate matter is an important marker of air quality. The term 'particulates' includes organic and inorganic matter, nitrogen compounds, sulphur compounds, polycyclic aromatic hydrocarbons (PAHs), several heavy metals, and radionuclides. The health risks from the 'classic' pollutants sulfur dioxide, nitrogen dioxide, ozone, carbon monoxide, and particulates have been comprehensively reviewed. Alarming levels of non-classic pollutants like the PAHs have been reported globally. PAHs have been found in placental tissues of women and in umbilical cord blood samples from newborn babies. The damaged DNA in cord blood is a indication of the fate of these pollutants in the environment. Hence, a need exists for a comprehensive investigation of the human healthrelated aspects of exposure to particulates and PAHs in the urban environment. This paper reviews the literature on PAHs in conjunction with particulate matter on a global perspective.
INTRODUCTION
Air quality in urban areas is of great concern nowadays, especially in connection with human health risks. The rate of population growth continues to increase, leading to a doubling of global population by the middle of 21 st century. In parallel, the process of urbanization also continues, such that the proportion of the global population living in cities will increase from around 45% to 62% by the year 2005, creating dense centers of anthropogenic emission. Poor control of industrial emissions and a rapid increase in ill-maintained vehicles implies that most cities in developing countries suffer from serious outdoor air pollution. The burden of ill health caused by particulate pollution, either on its own or in combination with gaseous pollutants, is enormous. At least 500,000 premature deaths and 4 to 5 million new cases of chronic bronchitis are reported each year l\l. The increase in daily mortality shows that on a global scale, 4% to 8% of premature deaths are due to exposure to particulate matter in the ambient and indoor environment 121. In India, suspended particulate matter (SPM), defined as particles of various sizes and chemical composition, exceeded the annual mean guidelines of the World Health Organization (WHO) for 294 days in Delhi and 268 days in Kolkata. About 40,000 Indians die early every year because of air pollution-7,500 in Delhi, 5,700 in Mumbai, and Representative example of a mass distribution of ambient PM as function of aerodynamic particle diameter. A wide ranging aerosol collector (WARC) provides an estimate of the full coarse mode distribution. Inlet restrictions of the high volume sampler for TSP, the PM 10 sampler, and the PM 25 sampler reduce the total mass reaching the sampling filter. Source: U.S. EPA, 1996 4,500 in Kolkata. The World Bank estimates that Indians spend US$ 350 to 490 million every year on the treatment of diseases that are caused by ambient air pollution 111. Indoor air pollution in developing countries is a major environmental and public health challenge. Around 50% of the population-almost all in developing countries-rely on coal and biomass in the form of wood, dung, and crop residues for domestic energy. Exposure to indoor air pollution may be responsible for nearly 2 million excess deaths in developing countries and for some 4% of the global burden of disease.
PARTICULATE MATTER Characterization
Particulate matter varies in size, ranging from a diameter of 0.0002 μιη to 500 μιη. Figure 1 shows the size distribution of urban particulate matter 141. Particles having an aerodynamic diameter larger than 2.5 μιη form the coarse particle fraction, particles having an aerodynamic diameter less than 2.5 μιη form the fine particle fraction, and particles having <100 nm in aerodynamic diameter are classified as ultrafine particles. comparison of ambient fine and coarse mode particles /4-6/. The lifetime of particulates varies from a few seconds to several months, depending upon their settling rate, size, density of particles, and air turbulence. For example, clouds of very fine particles may drift for many miles and cause pollution at large distances from where they were emitted ( Table 1) . The density of particulates in the atmosphere varies from several hundred per cm 3 in clean air to more than 100,000 per cm 3 in densely polluted air.
In urban areas, the concentration may range from 60 to 2000 μg/cm 3 , whereas in remote areas, particulate content can be as low as 10 μg/cm 3 .
Although air pollution by SPM is usually considered an urban phenomenon, in many areas of developed countries urban-rural differences in PMio are either small or absent. Conversely, in developing countries, pollution by particulates in indoor environments is a serious problem in rural areas where biomass fuels are used for open-stove cooking and heating.
Particulate matter can be characterized by a range of different parameters, including • total mass or number concentration, • mass or number size distribution,
• modality of size distribution, • mass or count median diameter (MMD or CMD) of the distribution or as the mode in the distribution Π-91.
Particulates have a large surface area and hence are attractive sites for the adsorption of various organic and inorganic matter. Air quality standards are expressed in terms of particles mass concentration as PMio (particles below 10 pm in aerodynamic diameter) or PM2.5 (particles below 2.5 μηι in aerodynamic diameter). Yet, the mechanism of toxic action of airborne particles does not inform us of whether the most important variable is particle number, surface area, or mass/10-13/. Although the number size distribution of the urban aerosol is dominated by ultrafine particles, these particles contribute very little to the total mass concentration /14/. Thus, the population of particles responsible for the major part of the total particle count contribute little to the mass, whereas the particles contributing most to the total mass contribute little to the total particle count /10-15/. Thus, for health risk assessment, knowledge of the particle number concentrations could be more important than knowledge of the particle mass /16-18/.
Suspended particulate matter can be categorized into primary and secondary aerosols.
• Primary aerosols include automobile exhaust, sea spray, and dust, and are emitted into the atmosphere directly from the source.
• Secondary aerosols, generally having a diameter, dp >2.5 μηι are produced in the atmosphere from reactions involving primary or secondary gases. Secondary components represent a significant fraction of both PM 10 and PM 2. Organic compounds found in urban areas can be classified as hydrocarbons, thiols, mercaptants, ketones, aldehydes, and polycyclic aromatic hydrocarbons, which contribute from 10% to 40% of the PM2.5 and PM10 mass in polluted urban areas. In rural areas, such compounds represent 30% to 50% of the PM 10 mass /19-20/. Particulate organic carbon originates from man-made activities, including petroleum residues and vehicular emissions, as well as from natural sources like plant epicular waxes and resin residues /28-31/.
Polycyclic Aromatic Hydrocarbons
The term polycyclic aromatic hydrocarbons (PAHs) covers a large group of organic compounds whose molecular structure contains two or more fiised benzene rings (for examples see Fig. 2 ). PAHs are widely distributed in the atmosphere, formed during the incomplete combustion of coal, oil, gas, wood, garbage, or other organic substances like tobacco and charbroiled meat. These pollutants are ubiquitous in ambient air, water, and soil /29-38Λ Because of their low vapor pressure, PAHs are present at ambient temperature in air, either as gas, particle, or combined gasparticle phase. The sources of most of these PAHs emissions are from motor vehicles or wood smoke (see Table 2 ) /3 8-40/. In Sweden, for example, secondary harmful components like benzene and PAHs constitute a major portion of the organic emissions from energy-efficient wood stoves for residential heating and hot-water supply /39/.
Exposure Studies
Ambient exposure. The prevalence of different PAHs in ambient air at selected sites of world are shown in Table 3 studied PAH is benzo(a)pyrene (BaP), a five ring (C20H12) compound that is mutagenic for human cells in culture /47/ and carcinogenic in whole animal assays /48/. Although BaP accounts for a significant fraction of the total mutagenic activity of urban aerosol extracts, several investigators have suggested that several other PAHs may be important mutagens in urban aerosol /49-52Λ
Carcinogenic PAHs are present in air as vapors or adsorbed to the surfaces of particulate matter /38,53,54/. The cumulative fractions of total PAHs in different particle size ranges in the ambient air of traffic intersections in Southern Taiwan and at rural sites are presented in Table 4 /55/. The results indicate that PAH exposure is widespread in Taiwan. Atmospheric concentrations of PAHs are strongly dependent upon the size of the carbon particulate matter, with the highest concentration being in the respirable size range. About 95% of total PAH is associated with a size class less than 3 μηι in diameter /56-58/.
In several European cities, PAH levels are higher on busy urban roads than on quiet rural roads with a lower traffic density (reviewed in /59/). A recent study of PAHs in the ambient air of six towns in Northern Greece found that in the warm months, PAHs significantly correlated with vehicular pollutants, whereas during the winter the In a characterization of the extent of the air toxics problem in California for the base year of 1990, risk analysis estimated a median excess individual cancer risk of 2.7E-4 for all air toxics concentrations and 8600 excess lifetime cancer cases, 70% of which were attributable to four pollutants: polycyclic organic matter, 1,3 butadiene, formaldehyde, and benzene. Although hazardous air pollutants are ubiquitous in the environment, potential cancer and non-cancer health hazards posed by ambient exposures were geographically concentrated in three urbanized areas and in a few rural counties /64/.
A study comparing occupational and urban environmental air yielded surprising results. Contrary to expectations, the results showed low levels of particle-bound PAHs in the occupational environment (<1 ng benzo(a)pyrene/ m 3 air) and high levels in urban air (range 80-1250 ng benzo (a)pyrene/m 3 ). The SPM collected from the power plant exhibited non-respirable characteristics (particles >10 pm), whereas urban SPM almost exclusively contained respirable airborne particles (<3 pm). The authors concluded that the PAH burden, combined with the enhanced probability of respiratoiy absorption, confers a much greater hazard potential to urban SPM. 1651.
Personal exposure. The focus of air quality assessment on ambient environmental levels has ignored state of indoor air. Personal exposure to nine particulate-phase atmospheric PAHs was assessed among adult non-smoking volunteers in the Grenoble, France metropolitan area, and the lifelong cancer risk from the associated total atmospheric PAHs was estimated. The predominant PAHs found were fluoranthene and indenopyrene. According to the compound, the personal exposure estimates ranged from 0.13-1.67 ng/m 3 (yearly means). The average benzo(a)pyrene value is 0.67 ng/m 3 (95% confidence interval=0 to 2.1 ng/m 3 ).
The total PAHs lung cancer lifelong risk is 7.8 10( 5 ) and is driven by exposure to benzo(a)pyrene.
The authors concluded that although these risk estimates are two to three orders of magnitude lower than those associated with specific occupational exposures, they are of public health concern because they are spread over large urban populations 1661.
PAHs and diesel motor emission (estimated as elemental carbon (EC)) were determined in the interior of a car and in the passenger compartment of a subway train (below ground) in Berlin. The sampling represented a realistic exposure model for driving in a high traffic and polluted urban area. pyrene. Passive smoking is defined as an involuntary exposure to a combined but diluted cigarette sidestream smoke (gas and particle phases that evolve from the smoldering end of a cigarette while the smoker is not puffing) and the smoke exhaled directly from smokers (mainstream smoke). Sidestream smoke contains PAHs and other cytotoxic substances in quantities much higher than those found in mainstream smoke /68, 69/. A recent comparative molecular epidemiology study in two towns in Greece revealed that the observed differences in PAHexposure profiles of subjects exposed to relatively low levels of urban air pollution parallel the personal individual exposures to ETS. Although exposure to eight particulate-bound carcinogenic PAHs was significantly higher in Athens (moderately high levels of air pollution) than in Halkida (lower air pollution levels), the proportion of lighter PAHs that are found in ETS (benzo In Hangzhou, China, the finding that concentrations of eight PAHs in indoor air generally exceeded those in simultaneously measured outdoor air was also attributed to ETS. The authors calculated that smoking indoors could contribute 67% of the total benzo[a]pyrene in homes ΠΜ. Conversely, a German study in persons not occupationally exposed to PAHs found no significant difference in biomarkers of PAHs in nonsmokers exposed to ETS and those either not exposed or rarely exposed to ETS 1121.
HEALTH EFFECTS
Airborne pollutants affect health in varying degrees of severity, ranging from serious illness to premature death in extreme cases. Such pollutants may produce immediate (acute), as well as long term (chronic), symptoms. Air pollution causes serious health problems, even when the levels are much lower than WHO limits 111. Exposure to particulate matter can aggravate chronic respiratory and cardiovascular diseases, alter host defenses, damage lung tissue, lead to premature death, and possibly contribute to cancer. Particle shape and size are critical factors controlling the extent to which particles can penetrate into the respiratory tract, how and where particles are deposited, and at what rate particles are cleared form respiratory tract. Furthermore, a large number of smaller particles have a greater reactive surface area than an equivalent mass of larger particles and have a higher likelihood of reaching the deepest regions of the lungs, namely the alveolar region. Ultrafine airborne particles below 1 μιη in diameter have been related to premature death, aggravated asthma, increased hospital admissions, and increased respiratory problems /18, 73-75/.
Most of the available information on the health effects of PAHs in humans must be inferred from studies that report the effects of exposure to complex mixtures that contain PAHs. In the environment, individuals are most likely to be exposed to PAH vapors 
Mortality
Reviews and analyses of the recent epidemiological literature for acute adverse effects following exposure to particulates presented by Dockery, Pope, Schwartz, and others /79-85/ estimated these effects as percent increase in mortality associated with each incremental increase of PM 10 by 10pg/m 3 (Table 5) . Individuals who are elderly or have preexisting lung or heart disease appear to be more susceptible than others to the adverse effects of PM| 0 . Table 6 shows the results of daily mortality studies conducted in a number of cities in the U.S., Europe, and other developing countries 119-931. These studies reported a significant and positive relation between particulate pollution and daily mortality, with an average impact on daily mortality (excluding Delhi) of 6% for a 100 pg/m 3 in total suspended particles (TSP). In Delhi, the increase in TSP is associated with a 2.3% increase in deaths 1921. The results of sequential studies of six eastern U.S. cities indicate that the fine particle mass (PM 2 .s) fraction from mobile and coal combustion sources, but not fine crustal particles, are associated with increased mortality /85, 94/. Other studies conducted by Bacharova et al. 1951 in the Slovak Republic and by Wojtyniak et al. 1961 in Poland did not find a significant relation between particulate pollution and daily mortality. In addition, Wojtyniak reported mixed results for four cities in his study. Conversely, Zimirou et al. 1911 reported significant respiratory deaths from particulates exposure in the city of Lyon, France. Environmental tobacco smoke contributes to mortality from cancer and cardiac disease. Furthermore, it damagingly involves reproductive organs, the nervous system, genetic materials, and is particularly hazardous to mother and child during pregnancy and to those with a history of asthma, chronic infections, induced or earned immune deficiency, or predisposed susceptibility (reviewed in 67, 68).
Respiratory Illness
Countless respiratory problems are related to air pollution. The main pollutants responsible for this phenomenon are sulfur dioxide, the nitrogen oxides, ozone, and the particulates PM10, and PM2.5 /98-100/.
' http://www.atsdr.cdc.gov/toxprofiles/phs69.html; Public Health Statement for Polycyclic Aromatic Hydrocarbons (PAHs). A growing body of epidemiological data indicates that fine particles, either alone or as part of a complex mixture of air pollutants, increase asthmatic symptoms (for reviews see /75, 104/). Epidemiological studies In asthmatics generally show a positive correlation between the particulate fraction of air pollution and increased morbidity, although roles for other co-pollutants (for example, ozone) are implicated as well. A rise in PMio by 10 pg/m 3 increased asthma attacks by 3% /73/.
Experimental studies in predisposed animals and humans have shown that PAH associated with diesel exhaust particulates can modulate the immune response by increasing allergen-specific IgE synthesis and the cytokines involved in IgE synthesis. Conflicting evidence exists with regard to air pollution and asthma in humans, however. Studies from several countries found no association between particle exposure and exacerbation of asthma symptoms. Such discrepancies might be attributable to differences in methodology.
Cardiopulmonary Illness
In many parts of the world, air pollution is associated with increased mortality and morbidity rates not only for respiratory illnesses but also for cardiovascular illnesses. Epidemiological studies have shown a rather consistent relation between PMio mass and cardiorespiratory illness, but no mechanism has been proposed that can fully explain this relation in terms of the toxic component of the aerosol /ll, 12/. Moreover, exactly what aspect(s) of mass, size, composition, or combination of these factors might be contributing to the observed adverse health effects is not known. Recent research has been directed toward gaining a better understanding of the composition of particle surface; one popular theory is that surface contaminants, such as transition metals, contribute toward ill health /105-107/. Another popular theory is that the physical characteristics (for example, number, size, shape, and aggregation properties) are important in producing health effects /16, 108/.
Average sulfur dioxide and PM )0 levels in the USA and Europe are much lower than in many residential areas in India-for example, Delhi, Ghaziabad, Kolkata, and Ahmedabad. Certain areas in India have sulfur dioxide and particulate concentrations as high as 140 pg/m 3 and 435 pg/m 3 , respectively /102, 103/. A rise in sulfur dioxide or PM )0 concentration can increase the incidence of cardiovascular deaths by 1.5% /83/. In Delhi, the annual increase in the average level of PMio of 25 pg/m 3 translates to a 5% rise in cardiovascular deaths every day /102, 103/. Preliminary epidemiologic evidence suggests that a systemic response to fine particle-induced pulmonary inflammation, including cytokine release and altered cardiac autonomic function, may be part of the pathophysiologic mechanisms or pathways linking particulate pollution with cardiopulmonary disease /109/. Air-pollution-associated increases in hospital admissions for cardiovascular diseases are almost doubled in subjects with concurrent respiratory infections. For COPD and pneumonia patients, a diagnosis of conduction disorders or dysrhythmias increases their risk of PM 10 -associated admissions. Persons with heart failure have twice the risk of PMio-induced COPD admissions, suggesting that patients with acute respiratory infections or defects in the electrical control of the heart are a risk group for particulate matter effects.
Cancer
The estimated range of lung cancer risk (upper 95% confidence interval) from human epidemiological data is 1.3 χ 10" 4 Cancer results from alterations in cell structure (mutations) resulting in abnormal and uncontrolled cell growth. Exposure to PAHs and SPM can result in cell mutation. The estimates of unit risk for several PAHs are presented in Table 8 . In Washington, DC, USA, analysis of an organic extract of an airborne particle sample for human cell mutagens indicated that -20% of the total mutagenic fraction was accounted for in two fourth-order PAH-containing fractions that accounted for ~3% of the total extract mass. A total of 13 PAHs were identified that accounted for -15% of total mutagenicity in the extract. Of these, the most important mutagens were cyclopentalfcd] pyrene, benzo[a]pyrene, and benzo[b]fluoranthene, which respectively accounted for -7%, ~4%, and ~2%, of the extract mutagenicity. Two previously unknown human lymphoblast mutagens, naphtha (2,l-a)pyrene and naptho(2,3-a)pyrene were also identified in the sample /49, 50/.
DNA-adduct formation is one indicator of genotoxicity /II6/. A study in Greece found high levels of PHA-DNA adducts in nonsmoking students living in the Halkida Institute campus, an area with minimal urban air pollution. Conversely, students living in Athens, where personal PAHs exposures are significantly higher that those in Halkida, showed the lowest DNA adduct levels. In the group suffering minimal exposure to urban air pollution, three biomarkers of exposure signaled that ETS was a significant determinant of DNA damage / 117/.
Neonatal Health Hazards
Human and experimental evidence indicates that the developing fetus may be more susceptible than the adult to the effects of certain carcinogens, including some PAHs. Factors that can modulate susceptibility include proliferation rates, detoxification capabilities, and DNA repair capacity. In India, human placenta, umbilical cord blood (UCB), maternal blood, and breast milk from mothers were analyzed for the presence of selected PAHs. Benzo(a)pyrene, dibenzo(a,c)anthracine, and chrysene were detected in all four sample types. The relatively high concentrations of ail three PAHs in both UCB and breast milk samples implies that the developing fetus/newborn can be A recent molecular epidemiologic study analyzed PAH-DNA adducts (as indicators of DNA damage from PAHs and other aromatics) and plasma cotinine (as an internal dosimeter of cigarette smoke) in paired blood samples collected at birth from Polish mothers and newborns /121 /. In mother/newborn pairs from whom the blood sample was drawn concurrently (within 1 h of each other), levels of all of the three biomarkers were significantly higher in the newborn than in the paired maternal blood samples. The results suggest reduced detoxification capabilities and increased susceptibility of the fetus to DNA damage, especially in light of experimental evidence that transplacental exposures to PAHs are 10-fold lower than paired maternal exposures. The results have implications for risk assessment, which currently does not adequately account for sensitive subsets of populations.
Airborne lead is associated with particles in size range below 1 μπι /122/. In urban areas of developing countries where most fuel is unleaded, concentrations of lead range from less then 0.1 to 1 ^Lg/nr. Traffic-related lead levels range between 0.3 and 1 μg/m\ with extreme annual mean values between 1 2-5 μg/m 3 Toxic effects of air pollution can also lead to mental problems, including anxiety and change in mood, cognition, and behavior. Toxic air pollutants also interfere with the development and adult functioning of the nervous system /125/.
Overall, the evidence presented here supports the view that suspended particulate matter (SPM) is associated with adverse health effects, depending upon the type and amount of pollutant present, the duration of exposure, and the state of health, age, and level of the person exposed. Respirable particulate matter (fine and coarse) contains high levels of carcinogenic PAHs. A World Bank study on the health effects of air pollution in Delhi reveled that SPM in Delhi alone led to the premature death of 7,491 people in 1991 and 1992. A repeat of the study for the year 1995 revealed an increase to about 10,000 in just 3 years, meaning a death rate of one person per hour due to air pollution /3/.
CONCLUSIONS
Polycyclic aromatic hydrocarbons are found globally, both in developing and developed countries. Evaluating the contribution of any individual PAH to the total carcinogenicity of these mixtures in humans is difficult because of the complexity of the mixtures and the presence of other carcinogens. Despite these limitations, the U.S. ATSDR has concluded that reports of this nature provide qualitative evidence of the potential for mixtures containing PAHs like benzo The existing evidence suggests, however, that 12.
regulation of indoor air and implementation of preventive measures should be put into practice.
13.
